DNA methyltransferase Dnmt1 ensures clonal transmission of lineage-specific DNA methylation patterns in a mammalian genome during replication. Dnmt1 is targeted to replication foci, interacts with PCNA, and favors methylating the hemimethylated form of CpG sites. To understand the underlying mechanism of its maintenance function, we purified recombinant forms of fulllength Dnmt1, a truncated form of Dnmt1-(291-1620) lacking the binding sites for PCNA and DNA and examined their processivity using a series of long unmethylated and hemimethylated DNA substrates. Direct analysis of methylation patterns using bisulfite-sequencing and hairpin-PCR techniques demonstrated that fulllength Dnmt1 methylates hemimethylated DNA with high processivity and a fidelity of over 95%, but unmethylated DNA with much less processivity. The truncated form of Dnmt1 showed identical properties to fulllength Dnmt1 indicating that the N-terminal 290-amino acid residue region of Dnmt1 is not required for preferential activity toward hemimethylated sites or for processivity of the enzyme. Remarkably, our analyses also revealed that Dnmt1 methylates hemimethylated CpG sites on one strand of double-stranded DNA during a single processive run. Our findings suggest that these inherent enzymatic properties of Dnmt1 play an essential role in the faithful and efficient maintenance of methylation patterns in the mammalian genome.
DNA methyltransferase Dnmt1 ensures clonal transmission of lineage-specific DNA methylation patterns in a mammalian genome during replication. Dnmt1 is targeted to replication foci, interacts with PCNA, and favors methylating the hemimethylated form of CpG sites. To understand the underlying mechanism of its maintenance function, we purified recombinant forms of fulllength Dnmt1, a truncated form of Dnmt1-(291-1620) lacking the binding sites for PCNA and DNA and examined their processivity using a series of long unmethylated and hemimethylated DNA substrates. Direct analysis of methylation patterns using bisulfite-sequencing and hairpin-PCR techniques demonstrated that fulllength Dnmt1 methylates hemimethylated DNA with high processivity and a fidelity of over 95%, but unmethylated DNA with much less processivity. The truncated form of Dnmt1 showed identical properties to fulllength Dnmt1 indicating that the N-terminal 290-amino acid residue region of Dnmt1 is not required for preferential activity toward hemimethylated sites or for processivity of the enzyme. Remarkably, our analyses also revealed that Dnmt1 methylates hemimethylated CpG sites on one strand of double-stranded DNA during a single processive run. Our findings suggest that these inherent enzymatic properties of Dnmt1 play an essential role in the faithful and efficient maintenance of methylation patterns in the mammalian genome.
In mammals, position 5 of cytosine residues in CpG sequences in genomic DNA is usually methylated (1) . DNA methylation is one of the major epigenetic modifications that plays crucial roles in embryonic development, cell differentiation, and genomic imprinting through regulation of chromatin modification resulting in gene silencing (2) . Aberrant methylation leads to human diseases, ICF (immunodeficiency centromeric region instability and facial anomalies) syndrome (3) (4) (5) , and development of cancers (6) . In vertebrates, two types of DNA methyltransferase activities have been reported; de novo and maintenance types. In mouse, de novo-type DNA methylation activity creates gene-specific methylation patterns at the implantation stage of embryogenesis (4) , and maintenance-type activity ensures clonal transmission of lineage-specific methylation patterns during replication. Two DNA methyltransferases, Dnmt3a and Dnmt3b, are responsible for the creation of methylation patterns at an early stage of embryogenesis, while Dnmt1 is responsible for the maintenance of methylation patterns once formed (7, 8) .
Dnmt1 favors methylating the hemimethylated state of CpG sites (9) , which appears just after the replication and repair steps. It is reported that Dnmt1 exists around replication foci (10, 11) , and binds to proliferating cell nuclear antigen (PCNA) 1 (12) , a prerequisite factor for replication and repair, with the sequence motif at 160 -172. Interestingly, PCNA facilitates the hemimethylation activity of Dnmt1 (13) . It is also reported that the N-terminal 1-343 sequence binds to DNA (14) , and the amino acid residues 284 -287 of human DNMT1 play a crucial role in the allosteric effect on DNA methylation (15) . We have further restricted the DNA binding sequence to the N-terminal 1-290 amino acids. 2 The N-terminal sequence 1-307 is reported to form a domain, and depletion of further sequence toward the C-terminal abolishes DNA methylation activity (16) . Under physiological conditions, Dnmt1 methylates the hemimethylated CpG sites that are generated at the replication fork. It is convenient for Dnmt1 to stay on the same DNA and methylate CpG sites in a processive manner. Further, it is possible that the binding of Dnmt1 to DNA and PCNA, which circles and slides on the DNA, with its N-terminal domain helps the DNA methylation activity to be processive.
In the present study, we addressed whether or not the DNA methylation activity of Dnmt1 is processive, and if so, whether interactions with the N-terminal DNA and PCNA binding regions are necessary for this property. We expressed and purified recombinant Dnmt1 (Dnmt1-FL) and its truncated form (Dnmt1-dN) that lacks the N-terminal 290 amino acid residues. Both recombinant Dnmt1-FL and Dnmt1-dN showed similar specific activities, specificity toward different types of DNA substrates including hemimethylated DNA, and processivity. The results indicate that Dnmt1 methylates hemimethylated DNA in a processive manner, and that this processivity is independent of interactions with DNA and PCNA in the Nterminal domain. In addition, Dnmt1 was shown to preferentially methylate one strand of the double-stranded DNA during its processive methylation.
EXPERIMENTAL PROCEDURES

Construction of Plasmids, Expression, and Purification of Dnmt1
cDNA of full-length (Dnmt1-FL) and one that has deleted the 5Ј-sequence corresponding to the N-terminal 290 amino acid residues (Dnmt1-dN) of mouse Dnmt1 were subcloned into the BamHI and XbaI sites of the expression vector, pF AST B AC HTb (Invitrogen). Recombinant baculoviruses were constructed according to the manufacturer's instructions, and amplified by three rounds of infection to obtain high titer baculovirus stock. Sf9 cells were maintained in Grace's medium containing 10% (v/v) fetal bovine serum at 27°C.
The recombinant baculovirus harboring His-tagged Dnmt1-FL or Dnmt1-dN was infected into 5 ϫ 10 8 Sf9 cells at a multiplicity of infection of 2. Infected cells were incubated for 60 h and then harvested. All purification procedures were performed at 4°C or on ice. Harvested cells were washed twice with Dulbecco's phosphate-buffered saline. The cells were then homogenized with a Dounce homogenizer in a buffer comprising 10% (w/v) sucrose, 3 mM MgCl 2 , 0.1% Nikkol (Nikko Chemicals, Tokyo), 1/1,000 (v/v) protease inhibitor mixture (Nakalai Tesque, Kyoto), and 20 mM PIPES, pH 6.2; and then 5 M NaCl added to a final concentration of 0.25 M followed by a second homogenization. The mixture was then centrifuged at 250,000 ϫ g for 10 min, and the supernatant fraction recovered. The extract was filtered through a 0.45-m MILEX-HA filter (Millipore), and then loaded onto a 5-ml HiTrap Chelating Sepharose HP column (Amersham Biosciences), which was preloaded with Ni 2ϩ and equilibrated with buffer A (0.25 M NaCl, 10% (w/v) sucrose, 3 mM MgCl 2 , 0.1% (v/v) Nikkol, 5 mM 2-mercaptoethanol, 20 mM PIPES, pH 6.2). The column was washed with 20 column volumes of buffer A and then with 2 column volumes of buffer A with 0.2 M imidazole, pH 6.2, added; and the proteins eluted with buffer A added with 1 M imidazole, pH 6.2. The main fractions were pooled, and the protease inhibitor mixture and dithiothreitol were added to final concentrations of 0.1% (v/v) and 1 mM, respectively. Aliquots were frozen in liquid nitrogen, and stored at Ϫ80°C. The purity of the enzymes was monitored by SDS-polyacrylamide gel electrophoresis. Protein concentrations were determined by the method described by Bradford (17) , using bovine serum albumin as a standard.
Substrates for DNA Methylation
Poly(dIdC)-poly(dIdC), poly(dGdC)-poly(dGdC) (Amersham Biosciences), and a 520-bp DNA fragment (Fig. 2 ) from the p2HhaBsp plasmid (details available upon request) were used as substrates for determination of DNA methylation activity. The unmethylated form and three differently hemimethylated forms of the fragment were prepared as follows.
(i) Unmethylated DNA (UM)-The 520-bp fragment was PCRamplified with primers, 5Ј-ACTTCAATATATTGCTTATAACATTGGT-TC-3Ј and 5Ј-ATTTGCCCATGGTGAAAACGGGGGCGAAGA-3Ј using p2HhaBsp as a template and then purified by agarose gel electrophoresis.
(ii) DNA Hemimethylated at GCG Sites (GCG-HM)-Cytosine residues in the GCG sequences of the 520-bp sequence were methylated in vivo using an engineered variant of the HhaI methyltransferase, HH2Bsp. DNA methyltransferase is encoded in p2HhaBsp and specifically targets the GCG sites. 3 Induction of HH2Bsp expressed in Escherichia coli ER1727 with 0.4 mM isopropyl-1-thio-␤-D-galactopyranoside leads to the creation of G5mCG/CGC sites in the plasmid DNA. The hemimethylated 520-bp DNA fragment was excised with the SspI and RsaI restriction endonucleases and purified by agarose gel electrophoresis.
(iii) DNA Hemimethylated at All CpG Sites in One Strand (CG-HM)-The unmethylated 520-bp fragment was methylated with SssI DNA methyltransferase (M.SssI) and HaeIII DNA methyltransferase (M.HaeIII) according to the manufacturer's recommendations. M.HaeIII marks the GGCC site in the parent DNA, which allows discrimination between the parent and Dnmt1-methylated strands. The methylated fragment was annealed with an equal amount of unmethylated 520-bp fragment, and the fragments PCR-amplified for 12 cycles with the primers described above in (i) in the presence of dCTP. The amplified DNA was treated with HhaI to degrade unmethylated duplex, and the remaining hemimethylated 520-bp fragment was purified by agarose gel electrophoresis.
(iv) DNA Uniformly Hemimethylated at All the Cytosine Residues in One Strand (C-HM)-The p2HhaBsp plasmid was PCR-amplified with the same primers as in (i) in the presence of dm5CTP (Fermentas, Lithuania) instead of dCTP. The amplified 520-bp fragment was then mixed and re-annealed with an equal amount of unmethylated 520-bp fragment. As described above, the DNA was then PCR-amplified, digested with HhaI, and purified by agarose gel electrophoresis.
DNA Methylation Activity
DNA methylation activity was determined basically as described elsewhere (18) . In brief, the methylation reaction mixture contained 4 nM Dnmt1-FL, Dnmt1-dN, or 0.032 units/l M.SssI, and indicated amounts of DNA and 5. 
Determination of Methylated Cytosine Residues by Bisulfite Sequencing
Unmethylated or hemimethylated 520-bp DNA fragments (50 -100 nM) were incubated with 100 M AdoMet and 25-100 nM Dnmt1 or 0.032 units/l M.SssI in the reaction buffer for 0, 45, 90, and 180 min. Aliquots were taken from reaction mixture and the reaction terminated (18) . Carrier salmon sperm DNA (2 g) was added, and samples treated with sodium bisulfite as described elsewhere (19) . The modification reaction comprised eight cycles of incubation at 95°C for 1 min and at 55°C for 1 h. Modified DNA was recovered with Wizard DNA Clean-Up System (Promega), treated with 0.3 M NaOH at 37°C for 20 min, ethanol-precipitated in the presence of 2.5 M ammonium acetate, and dissolved in 40 l of 1ϫ TE buffer. The modified DNA was PCRamplified with appropriate strand-specific primer sets (Table I and Fig. 2). The amplification reaction comprised a cycle of denaturation at 94°C for 2 min, 5 cycles of denaturation at 94°C for 45 s, annealing at 55°C for 1 min, and extension at 72°C for 2 min, and then 35 cycles of denaturation at 94°C for 30 s, annealing at 48°C for 30 s, and extension at 72°C for 1 min. A final extension was performed for another 5 min at 72°C. The amplified fragments were purified by agarose gel electrophoresis and subcloned into the SmaI site of pUC19 or pBlueScript II. Sequences were determined by the dideoxy method (20) .
Hairpin Bisulfite Sequencing
To determine that Dnmt1 methylation sites reside in both strands of one GCG-HM, the "hairpin-bisulfite PCR" method was employed ( Fig.  6A ) (21) . Following DNA methylation with Dnmt1-dN and 100 M AdoMet for 90 min, the DNA fragment was digested with AflIII, and then ligated with the hairpin linker 5Ј-CACGTGCGATGCGTTCGAG-3 G. Vilkaitis et al., manuscript in preparation.
TABLE I Primers for PCR amplification of bisulfite-modified DNA
The upper and lower strands of bisulfite-modified DNA fragments were amplified as described with the following primers.
Lower, forward a According to the schematic illustration in Fig. 2 .
CATCGCA-3Ј overnight at 16°C. The ligated DNA was treated with 0.3 M NaOH at 42°C for 20 min, at 95°C for 1 min and then subjected to bisulfite modification as described above. The bisulfite-modified DNA was next PCR-amplified with the primer set VA2/AA4. The amplification reaction comprised a cycle of denaturation at 94°C for 2 min, and then 40 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 30 s and extension at 72°C for 90 s. The amplified 654-bp fragments were gel-purified, cloned into the SmaI site of pUC19, and sequenced.
RESULTS
Enzymatic Activities of Recombinant Dnmt1-FL and Dnmt1-dN-
The full-length Dnmt1 (Dnmt1-FL) and the truncated form of Dnmt1 (Dnmt1-dN), devoid of the N-terminal 290 amino acid residues were expressed in Sf9 cells and purified to near homogeneity (Fig. 1A) . The DNA methylation activities of Dnmt1-FL and Dnmt1-dN toward various substrates were first examined by monitoring incorporation of [ 3 H]methyl groups into DNA. Using poly(dI-dC)-poly(dI-dC) as methyl acceptor, Dnmt1-FL and Dnmt1-dN showed apparent turnover rates of 13.5 Ϯ 1.0 and 14.5 Ϯ 0.9 (h Ϫ1 ), respectively. Previously reported turnover rates for recombinant mouse Dnmt1 expressed in baculovirus systems were 3.4 (22), 4.5 (23), and 22 (24) , indicating that the activities of both preparations are comparable to those purified in other laboratories. As for hemimethylated DNA methylation activities, Pradhan et al. (23) reported that mouse recombinant Dnmt1 does not show preferential methylation activity toward hemimethylated 30-mer DNA containing 3 CpG sites. In contrast, Brank et al. (24) reported that recombinant Dnmt1 methylates hemimethylated 24-mer DNA containing 4 CpG sites with a 6-fold higher activity than that toward unmethylated ones. Our present Dnmt1-FL, similar to the report by Brank et al., demonstrated 5.3-, 4.0-, and 2.9-fold higher activities toward three differently hemimethylated 520-bp DNA fragments, GCG-HM, CG-HM and C-HM, respectively, than that toward an unmethylated one (UM) (Fig. 1B) . Similar to Dnmt1-FL, Dnmt1-dN also showed preferential methylation activities toward GCG-HM, CG-HM, and C-HM; 4.1-, 3.0-, and 2.4-fold higher, respectively, compared with that toward UM. Nearly identical behavior of the truncated enzyme with all the substrates, including preferred methylation of hemimethylated DNA, clearly indicates that the N-terminal region containing the binding sequences for DNA and PCNA is dispensable for the selectivity of Dnmt1 toward hemimethylated sites. Araujo et al. (25) reported that the targeting sequence for hemimethylated DNA resides in the N-terminal domain near the PCNA recognition site; however, our present results show that the N-terminal domain containing the PCNA site is dispensable for the preferential methylation of Dnmt1 toward hemimethylated DNA.
Dnmt1 Methylates Unmethylated DNA Distributively-For the processivity studies of Dnmt1, we employed a 520-bp DNA fragment of the p2HhaBsp plasmid as the substrate (Fig. 2) . The 520-bp sequence contains 30 CpG sites in different sequence contexts, with separation between adjacent sites varying from 1 to 30 nucleotides. Methyl group incorporation by enzymes was followed by bisulfite sequencing of both strands, which allowed direct visualization of their action on DNA. To be confident that our approach provides reliable results, we started with an analysis of a known processive DNA methyltransferase, M.SssI.
Previous studies of M.SssI-methylated DNA with methylation-sensitive restriction endonucleases revealed that multisite substrate DNA is converted to fully endonuclease-resistant products with very little intermediate observed during the course of the reaction (26, 27) . As expected, our bisulfite analysis directly demonstrated that M.SssI methylates the unmethylated substrate DNA (UM) in an all-or-nothing manner. Once methylation was initiated in one DNA strand, most of the CpG sites in the strand were almost completely methylated even at early stage of the methylation reaction, whereas a large fraction of DNA molecules remained completely untouched (compare Fig. 3, B and C, 45 and 180 min reactions) . Therefore, our results clearly support the previous findings that M.SssI is a highly processive DNA methyltransferase, and thus provided a "positive control" for our analyses of Dnmt1. On the other hand, bisulfite sequencing of the unmethylated control displayed no single methylated cytosine in 35 sequences analyzed (Fig. 3A) .
Results of a similar analysis of Dnmt1-FL using UM is shown in Fig. 3D . The observed patterns were in great contrast to those of M.SssI. First, the methylation level was fairly low even after 3-h incubation, consistent with the much lower turnover rate of Dnmt1 on unmethylated DNA. Second, sparse 5mCpG sites appeared in a random rather than a consecutive manner, indicating a distributive action of Dnmt1 toward unmethylated DNA.
Dnmt1 Methylates Hemimethylated DNA Processively-To examine the processivity of the DNA methylation activity of Dnmt1, three differently hemimethylated DNA fragments were prepared. First, we utilized an engineered version of the M.HhaI, HH2Bsp, which possesses relaxed sequence specificity and, in contrast to the wild-type enzyme (recognition specificity GCGC), methylates non-palindromic GCG sites with greater than 80 -90% efficiency. 3 The 520-bp sequence containing plasmid was methylated with HH2Bsp in vivo (Fig. 4A) . Among the 30 target CpG sites in the 520-bp sequence, 20 appear in the GCG context (see Fig. 2 ), and 18 of these are converted into hemimethylated G5mCG/CGC sites by HH2Bsp treatment. A single palindromic GCGC site (no. 27, an equivalent of two symmetrical GCG sites on two strands) is methylated in both strands. The methylation state of 17 of these sites in the 520-bp fragment was determined by bisulfite sequencing. A total of 304 GCG sites in the upper and lower strands were examined in 32 clones and about 88% of the sites were found methylated on one strand (the upper strand at sites 6 -9, 19, 22, 23, and 27, 28, and the lower strand at sites 10 -14, 20, 21, 24, 26, 27, 29; see Fig. 2 ).
The GCG-hemimethylated DNA (GCG-HM) was used to examine the behavior of Dnmt1-FL. After 45, 90, and 180 min methylation reactions, DNA methylation sites in the upper and lower strands were determined by bisulfite sequencing (Fig.  4B) . Since the parent methylation is strictly strand-specific at each individual GCG site, it was thus possible to ascertain methylated cytosine residues that were catalyzed by Dnmt1. As typically demonstrated in the methylation profile after 90 min of reaction, once methylation occurred in a fragment, multiple CpG sites of the DNA fragment were methylated, mostly consecutively. Moreover, we performed experiments in which the ratio of DNA to Dnmt1 in the reaction mixture was varied from 1:2 ( Fig. 4B) to 1:1, 1:0.5, and 1:0.25 (Fig. 4C) . As expected, the relative numbers of completely unmethylated DNA clones increased when substrate DNA:enzyme ratios increased, and most of the methylated fragments contained consecutive stretches of methylated CpG sites.
Similarly with Dnmt1-FL, Dnmt1-dN methylated hemimethylated CpG sites consecutively on each DNA fragment (Fig. 5) . Despite slight differences in the extent of methylation due to variations of enzyme concentration in the preparations, the results indicate that Dnmt1-dN methylates DNA in a processive manner. One can thus conclude that the N-terminal domain (amino acid residues 1-290) is not required for the processivity of the enzyme.
Strand Specificity during Processive Methylation of DNA-To understand its in vivo maintenance function, it is important to know whether Dnmt1 preferentially stays on the same DNA strand of the DNA duplex, or goes from one strand to another during its processive action on DNA. The methylation patterns shown in Figs. 4 and 5 provide information of the upper and lower strands of independent clones. To address the question whether or not Dnmt1 shows strand-specific methylation, the information that comes from both strands of the same DNA molecule is needed. For this, we employed the "hairpin-bisulfite PCR" method (21) , which provides information of the methylation status on both strands of an individual DNA molecule in a single sequencing run. After methylation of GCG-HM with Dnmt1, both strands of the fragment were circularly connected by a hairpin linker and analyzed by bisulfite sequencing (Fig. 6A) .
Among such analysis of 65 independent clones, 28 were not methylated by Dnmt1 (only parent GCG sites were methylated, data not shown), 23 were methylated on one strand at hemimethylated CpG sites, and 14 were methylated on both strands Table I ) used for the amplification of the bisulfite-modified sequences are indicated by horizontal arrows. Primers VP1/VA2 and VP1/VA5 amplify 397-bp and 337-bp fragments, respectively, of the modified upper strand. Primers AP3/AA4 and AP3/AA6 amplify 418-bp and 365-bp fragments, respectively, of the modified lower strand. The HaeIII (GGCC) and HhaI (GCGC) sites are indicated with block arrows. A heavy horizontal arrow following site 5 indicates the starting point of the sequence determined by hairpin-PCR method (see Fig. 6 for details). (Fig. 6B) . Sequences with a consecutive stretch of methylation in either strand, 20 clones (clones 15-23, 26 -36) , were the majority of cases. This result suggests that Dnmt1 stays on one, upper or lower, strand and preferentially methylates the strand in a processive manner. Typical examples are shown in Fig. 6B , sequence numbers 15-19. These sequences show that even when all or nearly all CpG sites in one strand were methylated, none in the other strand was methylated. This indicates that Dnmt1 did not switch to the opposite strand until its processive run on the original strand was completed.
In some sequences, both strands were methylated either completely or partially (clones 1-14) . Among the sequences that were almost completely methylated in both strands, some contained 5mCpG at sites that were originally not hemimethylated (indicated by small filled circles). Sites were sometimes fully methylated and sometimes hemimethylated (clones 1-5, 7, and 9 -11). Since Dnmt1 shows high fidelity in methylating hemimethylated CpG sites (see discussion below), it is unlikely that Dnmt1 failed to methylate these newly produced hemimethylated CpG sites at such a high frequency. Accordingly, the strands containing unmethylated CpG at the hemimethylated site, which were created by Dnmt1 activity, should be processively methylated prior to the opposite strand. The occurrence of hemimethylated CpG sites that were originally unmethylated along with Dnmt1 methylation at hemimethylated sites on both strands suggests that such methylation patterns were created not in a single processive run, but as two or more sequential events. In contrast, three clones (12) (13) (14) that show partial methylation in both strands could be examples against the strand restricted methylation property of Dnmt1. In these cases, the strand switching of Dnmt1 during processive methylation apparently occurred, or, two Dnmt1 molecules attached to the different strands and independently methylated the CpG sites. Even if Dnmt1 switches the strand during the processive methylation, the frequency seems very low judging from the small numbers of this type of methylation pattern. Taken together, our analyses indicate that Dnmt1 remains associated with one strand of the double-stranded DNA for a period of time sufficiently long to sequentially methylate hemimethylated CpG sites on that strand in stretches as long as 520 bp.
Processive Methylation of Uniformly Hemimethylated DNA-In addition to the above substrate containing a hemimethylated site on both strands of DNA, we investigated the behavior of Dnmt1 on similar duplexes containing methylated cytosine residues only on one strand, either upper or lower. Such substrates more closely resemble the situation in vivo after DNA replication. One such substrate (CG-HM) contained all the CpG sites in one strand methylated with M.SssI. To distinguish the parent strands that were methylated by M.SssI from those methylated by Dnmt1, the parent 520-bp DNA fragments were marked with M.HaeIII (GG5mCC). We disregarded the sequences of the bisulfite-modified DNA when they contained GG5mCC, which was expected to be about 50% (summary of the methylation states are shown in Supplementary  Fig. 1 ). As shown in Fig. 7A , 25 of 35 and 28 of 40 sequences of the upper and lower strands, respectively, were left completely unmethylated, whereas the others were consecutively methylated to a high density (Fig. 7A) . This result further supports that Dnmt1 methylates CG-HM in a processive manner.
Another hemimethylated DNA substrate (C-HM) was prepared by PCR amplification in the presence of dm5CTP. In C-HM, all cytosine residues in the upper or lower strands were replaced with 5mC residues. Because of the complete "methylation" of cytosine residues in the parent strand, the PCR primers for the bisulfite-modified DNA, which specifically annealed to and so selectively amplified the strands that were originally unmethylated, thus contained methylation due only to the activity of Dnmt1. This allowed us to sequence and specifically detect the Dnmt1-dependent methylation sites. The result using C-HM is shown in Fig. 7B . Similar to the case of CG-HM, 24 of 36 and 30 of 45 sequences in the upper and lower strands, respectively, were left completely unmethylated. The rest of the methylated sequences were again consecutively methylated in high densities. This again confirms our findings that Dnmt1 methylates C-HM in a processive manner. Notably, the existence of 5mC at all non-CpG sites in C-HM did not seem to affect much the extent of GCG-HM treated with Dnmt1-FL was examined for the methylation state. After bisulfite modification, the upper and lower strands were amplified with the primer sets VP1/VA2 and AP3/AA4, respectively, then subcloned, sequenced, and their methylation profiles determined. GCG sites and the corresponding CpG sites on the opposite strand are indicated as stars and large circles, respectively. Overlapping GCG sites at position 27 are indicated as stars in both strands. The remaining CpG sites are indicated as small circles. Experimentally observed methylated CpG sites are indicated by the corresponding filled symbols. Each row represents the methylation status of CpG sites on the upper or lower strand. n indicates the numbers of clones with no detectable methylation at hemimethylated CpG sites. The numbers above circles are taken from Fig. 2 . A, methylation profiles of GCG-HM used for Dnmt1 methylation. B, GCG-HM (54 nM) was incubated with Dnmt1-FL (100 nM) for 45, 90, and 180 min and the methylation sites were determined. C, GCG-HM (100 nM) was incubated with varied amounts of Dnmt1-FL (100 nM, 50 nM, and 25 nM) for 90 min, and the CpG methylation sites then determined. methylation activity (see Fig. 1B ) and the processivity (Fig. 7) of methylation by Dnmt1. In contrast, Clark et al. (28) reported that methylation of hemimethylated CpG sites by human Dnmt1 is strongly inhibited by non-CpG methylation on the same molecule. The observed difference may derive from different experimental conditions used (the size of DNA substrates, concentrations, and molar ratios of reactants). Therefore, further analysis is needed to assess whether the human and murine enzymes possess genuine differences with respect to methylation of adjacent non-target sites. FIG. 5 . Methylation profiles of truncated Dnmt1 on GCG-hemimethylated DNA. GCG-HM treated with Dnmt1-FL was examined for the methylation state. GCG-HM (72 nM) was incubated with Dnmt1-dN (100 nM) for 45, 90, and 180 min, and the methylation sites determined. The symbols for methylation sites are indicated as in Fig. 4.   FIG. 6 . Double strand methylation profiles of Dnmt1 on CGC-hemimethylated DNA. Dnmt1-dN (100 nM) and GCG-HM (100 nM) were incubated for 90 min and the methylation sites determined are described. A, schematic illustration of the hairpin-bisulfite sequencing procedure to determine methylation on both strands of modified GCG-HM. After the methylation reaction, DNA fragments were cleaved with AflIII, ligated with the hairpin linker, treated with bisulfite, PCR-amplified with primers VA2/AA4, and then sequenced. B, among 65 clones sequenced, 14, 11, and 12 contained Dnmt1 methylation on both strands (clones [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , on the lower strand (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) , and on the upper strand (26 -37) , respectively. Symbols are as in Fig. 4 .
DISCUSSION
The N-terminal Domain Is Dispensable for Both the Preferential Methylation of Hemimethylated Sites and Processivity of
Dnmt1-In the present study, we showed that both Dnmt1-FL and Dnmt1-dN methylate hemimethylated DNA in a processive manner. It has been reported that the N-terminal 307 amino acid region, which forms a structural domain, is not required for DNA methylation activity (16) . This N-terminal domain contains a DNA binding motif (14) , and residues 284 -287 of human DNMT1 were shown to be important for allosteric activation of the enzyme (15) . The N-terminal domain also contains a PCNA binding site (12) . The PCNA complex with replication machinery slides on DNA (29, 30) , and the interaction of Dnmt1 with PCNA facilitates activity toward hemimethylated DNA (13) . As well, the hemimethylated DNA targeting sequence in Dnmt1 was reported to reside near the PCNA binding site (25) . Interactions of the N-terminal domain of Dnmt1 with DNA and PCNA may contribute to ensuring the immediate early methylation of the hemimethylated form of newly synthesized DNA strands to maintain methylation patterns at the replication fork. Although these interactions may seem important for the processive action of Dnmt1, our findings clearly demonstrate that these properties are largely inherent to the enzyme itself. Since the N-terminal domain is dispensable for processive as well as preferential methylation of hemimethylated DNA, the determinants for these properties are confined within the central or the C-terminal parts of the protein.
Fidelity of Processive Methylation-Although the methylation of hemimethylated sites by Dnmt1 was largely processive, a few individual sites or short stretches of unmethylated CpG sites were detected. This was observed for all three types of the hemimethylated substrates. No particular locus or statistically significant sequence consensus for the unmethylated sites was identified. The frequency of such sites (skipping frequency) for GCG-HM was estimated from data shown in Fig. 6 , in which the parental methylation state at all GCG sites and thus the precise skipping of methylation could be evaluated. Methylation sites that were skipped at the CpG sites complementary to G5mCG sites constituted 8 of 214 sites, 3.7%.
Similar calculations for CG-HM revealed the frequency of skipping to be 7.5% (taken from Fig. 7A ), which includes contribution from both mistakes in parental strand methylation by M.SssI and that by Dnmt1 at CpG sites. In the M.SssI-methylated parent strands, 21 of 722 (2.9%) CpG sites were left unmethylated (see Supplementary Fig. 1 ). Thus the frequency of methylation skipping solely because of Dnmt1 activity was calculated to be 4.6%, the difference in the frequencies of the total skipping and parental unmethylation. The methylation level of C-HM in the parent strand was not determined; however, the expected incorporation of 5mC during PCR is near to quantitative. Therefore, 4.7%, the frequency of the methylation skipping after Dnmt1 reaction, directly indicates the frequency of methylation mistakes by Dnmt1 (calculated from the numbers in Fig. 7B ).
Although such calculations may involve significant errors because of limited sampling, the values calculated from different experiments using differently hemimethylated substrates fall within a narrow range; 3.7, 4.6, and 4.7% for GCG-HM, CG-HM, and C-HM, respectively. Therefore, the fidelity of the maintenance methylation activity of Dnmt1 can be estimated to be roughly in the range of 95-96%. This value agrees well with that determined in vivo for the maintenance of hemimethylated sites in the CpG islands of the FMR gene, which is 96% per cell division (21) . Ushijima et al. (31) estimated the fidelity of the methylation patterns in CpG islands to be 99.85-99.92% per cell division. The value by Ushijima et al. (31) seems quite high compared with our present in vitro result and the in vivo study by Laird et al. It is reported that not only the maintenance activity of Dnmt1 but also the de novo methylation activities of Dnmt3a and/or Dnmt3b also contribute to maintain DNA methylation patterns in embryonic stem cells (32) . For the calculation of the fidelity of the maintenance methylation processes reported by Ushijima et al., the assistance of the de novo DNA methylation by Dnmt3a and/or Dnmt3b may have been involved. In other words, de novo DNA methylation activity, possibly of Dnmt3a and/or Dnmt3b, largely contributes to the maintenance of DNA methylation patterns in vivo.
As shown in Figs. 1 and 3 , Dnmt1 possesses a detectable DNA methylation activity toward unmethylated DNA substrates; a property that is consistent with reports that purified Dnmt1 shows significant de novo methylation activity (23, 33) . At the same time, even when the substrate was hemimethylated, methylation of unmethylated CpG sites were detected (see Figs. 4 and 6) . Interestingly, Dnmt1 tends to methylate unmethylated CpG sites in the vicinity of densely methylated FIG. 7 . Methylation profiles of Dnmt1 on uniformly hemimethylated DNA. CG-HM (A) and C-HM (B) (both 100 nM) were methylated with 50 nM Dnmt1-dN for 180 min. The bisulfite-modified DNA fragments were amplified with the primer sets VP1/VA5 and AP3/AA6 for the upper and lower strands, respectively, and then the methylation sites determined. Only the methylation profiles of the daughter strands are shown. Symbols are indicated as in the legend to Fig. 4. regions; the frequencies of the creation of de novo methylation site were 0.174 and 0.076 per methylation at a hemimethylation site for "both strand methylated" (densely methylated) and "single-strand methylated" (sparsely methylated) DNAs, respectively (Fig. 6) . Furthermore, clones that contained more than one de novo methylated CpG site harbored 8.1 Ϯ 5.0 CpG sites methylated at hemimethylated sites. On the other hand, a clone that did not contain de novo methylated CpG contained 4.2 Ϯ 2.6 CpG sites methylated at hemimethylated sites (Fig.  6) . The calculations suggest that high density of substrate DNA promotes Dnmt1 to create de novo methylation sites. This is consistent with a previous report that preexisting 5mC facilitates Dnmt1 to create de novo methylation in the vicinity in vitro, and this property causes methylation spreading (34) . From the findings of de novo DNA methyltransferases, Dnmt3a and Dnmt3b (4, 8) , and that ectopically expressed Dnmt1 in Drosophila cannot create methylation patterns in the genome (35) , it may be widely accepted that the methylation spreading, such as that occurs in newly integrated viral DNA (36) , in gene regulatory sequences during X-chromosome inactivation (37) and during gene silencing (38) , is solely due to Dnmt3a and Dnmt3b. It should be noted that the DNA methylation level in Drosophila genome is almost negligible at CpG sites, and, partly for this reason, Dnmt1 may not be able to create new methylation sites. In mammalian cells, however, genomic DNA is already significantly methylated. Indeed, overexpression of Dnmt1 in mammalian cells methylates genomic DNA and suppresses targeted gene expressions (39, 40) . Dnmt1 may at least partly contribute to creating de novo methylation in mammalian cells even under physiological conditions.
Orientation and Strand Discrimination on DNA during Processive Methylation-In the present study we showed that Dnmt1 associates with one strand of double-stranded DNA to sequentially methylate long stretches of DNA containing hemimethylated CpG sites on that strand. The target or the working sites of DNA polymerases and repair enzymes are strand specific, thus for their functions these enzymes should stay on one of the strands. Similarly, the confinement of DNA methylation activity to one strand of double-stranded DNA could be an essential property for Dnmt1, since in vivo Dnmt1 only needs to methylate CpG sites on the newly synthesized strand at the replication fork or a repair region.
Dnmt1 stays on the same strand to methylate hemimethylated targets consecutively; thus, Dnmt1 has to move on the DNA strand until it encounters the next hemimethylated sites. A question arises whether or not Dnmt1 moves directionally; which can be partly be answered by analyzing the distribution of the unmethylated sites in partially methylated clones. If we assume that Dnmt1 moves unidirectionally starting from a random site, it would methylate all the sites in one direction from the starting point, while ones in the other direction would remain unmethylated. For example, if the movement of Dnmt1 is 5Ј to 3Ј, stretches of unmethylated sites should cluster on the 5Ј termini. The methylation profiles shown in Figs. 4 -7 show no clear clustering pattern of unmethylated sites; suggesting that Dnmt1 can move in either direction or change the direction from 5Ј to 3Ј or vice versa during processive methylation. In vivo, however, bound PCNA may guide Dnmt1 unidirectionally from 5Ј to 3Ј to follow the direction of DNA synthesis. Further studies of the PCNA-Dnmt1 complex are required to resolve this question.
